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Exit from G1 and S Phase of the Cell Cycle
Is Regulated by Repressor Complexes
Containing HDAC-Rb-hSWI/SNF and Rb-hSWI/SNF
assembly. Nevertheless, HDAC activity appears essen-
tial for regulation of transcription, and it has been associ-
ated with several different transcriptional repressors
(Workman and Kingston, 1998; Kingston and Narlikar,
1999; Wolffe and Hayes, 1999).
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is also regulated by ATP-dependent remodeling com-St. Louis, Missouri 63110
plexes (Workman and Kingston, 1998; Kingston and Nar-
likar, 1999; Kornberg and Lorch, 1999; Wade and Wolffe,
1999). The first of these multiprotein complexes identi-
Summary fied was yeast SWI/SNF. A hallmark of these remodeling
complexes is the presence of a component(s) with
We present evidence that Rb forms a repressor con- ATPase activity. SWI/SNF complexes have also been
taining histone deacetylase (HDAC) and the hSWI/SNF identified in higher eukaryotes, and, as in yeast, these
nucleosome remodeling complex, which inhibits tran- are multiprotein complexes containing components that
scription of genes for cyclins E and A and arrests cells appear homologous to the yeast SWI2/SNF2 ATPases
in the G1 phase of the cell cycle. Phosphorylation of (Kwon et al., 1994; Dingwall et al., 1995; Wang et al.,
Rb by cyclin D/cdk4 disrupts association with HDAC, 1996; Papoulas et al., 1998; Sif et al., 1998). The human
relieving repression of the cyclin E gene and G1 arrest. SWI/SNF ATPases are BRG1 and hBRM. The impor-
However, the Rb-hSWI/SNF complex persists and is tance of BRG1 and hBRM is highlighted by the finding
sufficient to maintain repression of the cyclin A and that hSWI/SNF chromatin remodeling activity can be
cdc2 genes, inhibiting exit from S phase. HDAC-Rb- observed with either purified protein alone (Phelan et
hSWI/SNF and Rb-hSWI/SNF then appear to maintain al., 1999).
the order of cyclin E and A expression during the cell SWI/SNF activity has been widely associated with
cycle, which in turn regulates exit from G1 and from transcriptional activation of genes (Burns and Peterson,
S phase, respectively. 1997; Utley et al., 1997; Fryer and Archer, 1998; Biggar
and Crabtree, 1999; Cheng et al., 1999a; Cosma et al.,
1999; Dimova et al., 1999; Krebs et al., 1999; NatarajanIntroduction
et al., 1999; Neely et al., 1999; Sudarsanam et al., 1999).
However, there are now indications that SWI/SNF andControlling progression of cells into and through S
related nucleosome remodelers might also be associ-phase of the cell cycle is important in regulating DNA
ated with transcriptional repression. When SWI2/SNF2synthesis and thus cell proliferation. The retinoblastoma
mutations were made in yeast, it was observed that moreprotein (Rb) is critical for regulating not only progression
genes were activated than repressed by the mutations,of cells from G1 into S phase but also progression of
suggesting that SWI/SNF might be involved in repres-cells through S phase (Ewen, 1994; Weinberg, 1995;
sion as well as activation (Holstege et al., 1998). And,Knudsen et al., 1998; Niculescu et al., 1998). However,
recent studies have demonstrated that HDAC is associ-the molecular basis for these Rb-imposed checkpoints
ated with the SWI/SNF-like Mi2b chromatin remodelingin both G1 and in S phase, as well as their potential
complex (Wade et al., 1998; Kim et al., 1999; Zhang etrelationship to one another, is still unclear.
al., 1999b).Rb binds to the E2F family of cell cycle transcription
Previous studies have shown that Rb can bind to bothfactors (Nevins, 1992; Lam and La Thangue, 1994; Ad-
BRG1 and hBRM (Dunaief et al., 1994; Strober et al.,ams and Kaelin, 1996; Slansky and Farnham, 1996; Dy-
1996; Trouche et al., 1997). In SW13 cells, which areson, 1998). This interaction not only blocks transcrip-
Rb(1) but have little BRG1/hBRM, overexpression oftional activation by E2F; the Rb-E2F complex that forms
BRG1 resulted in a flat cell morphology and growthat the promoter of cell cycle genes actively represses
arrest (Dunaief et al., 1994). However, it was not cleartranscription at least in part through recruitment of his-
from these initial studies whether BRG1/hBRM is nor-tone deacetylase (HDAC) (Brehm et al., 1998; Luo et al.,
mally important for Rb function. Subsequent studies
1998; Magnaghi et al., 1998), and this active repression
have provided evidence that the ability of Rb to block
by Rb-E2F is important for growth suppression by Rb
transcriptional activation by E2F-1 can be enhanced by
(Zhang et al., 1999a). hBRM overexpression (Trouche et al., 1997), suggesting
HDAC removes acetyl groups from the tails of core that BRG1/hBRM may cooperate with Rb to block E2F-1
histones in the nucleosome (Grunstein, 1997; Struhl, transcriptional activity. However, Rb binds directly to
1998; Kingston and Narlikar, 1999; Wade and Wolffe, the transactivation domain of E2F-1, and studies of Rb
1999). However, it is still unclear how this acetylation inactivation of E2F-1 in vitro have demonstrated that Rb
regulates nucleosome structure/function and chromatin can block E2F-1 in the apparent absence of chromatin
remodeling activity (Ross et al., 1999). Additionally, it
has been shown that Rb can block the activity of E2F* To whom correspondence should be addressed (e-mail: ddean@
sites in cells that are deficient for BRG1/hBRM (Wein-im.wustl.edu).
² These authors contributed equally to this work. traub et al., 1992; Zhu et al., 1993). Thus, it is unclear
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Figure 1. Growth Supression by Rb Requires
BRG1, Whereas Inactivation of E2F Activity
Does Not
(A) Expression of Rb blocks the transcrip-
tional activity of E2F. Expression vectors for
Rb or Rb containing a mutation at amino
acids 713 and 757 in the LXCXE binding site
(RbDLXCXE site) were transfected along with
a reporter containing a minimal promoter and
E2F sites driving the CAT gene (Weintraub et
al., 1992) into the indicated cell lines.
(B±D) Coexpression of BRG1 is required for
Rb to inhibit BrdU incorporation. The indi-
cated cell lines were cotransfected with the
indicated expression vectors and puro-
BABE, which conveys resistance to puromy-
cin. Twenty-four hours after transfection,
cells were treated for an additional 72 hr with
puromycin (for the final 6 hr, cells were incu-
bated with BrdU). Results are representative
of at least two independent experiments,
each in duplicate. ªBRG-Mº indicates BRG1
with a mutation in the E7-like region, which
disrupts binding to Rb. ªCyc Eº indicates a
cyclin E expression vector.
whether BRG1/hBRM is required for Rb to inhibit E2F-1 are not growth arrested by Rb despite the fact that
hypophosphorylated Rb accumulates in the cells (West-transcriptional activity or whether hBRM has a more
general function that merely augments Rb activity in ern blots not shown) to a level sufficient to block the
transcriptional activity of E2F (Figures 1A±1D). Further-these assays.
Taken together, the above studies provide evidence more, the cells were not growth suppressed by a form
of interplay between BRG1 (and thus hSWI/SNF) and of Rb in which cdk phosphorylation sites are mutated
Rb. However, the significance of hSWI/SNF to normal (RbDcdk; Leng et al., 1997), such that the protein cannot
Rb function remains unclear. Here, we provide evidence be inactivated by hyperphosphorylation (Figures 1B±
that Rb can form a repressor complex with hSWI/SNF 1D). However, it is of note that RbDcdk was expressed
and HDAC and a second complex with only hSWI/SNF. at a somewhat lower level than wild-type Rb in these
These complexes appear to serve as distinct check- transfection assays (data not shown). The inhibition of
points in G1 and S phase, where we suggest that they E2F by Rb in these Rb-resistant cells is at least as effi-
function to order the expression of cyclins and cdks cient as in Saos-2 cells (osteosarcoma), where expres-
during the cell cycle. sion of Rb does lead to G1 arrest (Figure 1A). These
results demonstrate that accumulation of hypophos-
phorylated Rb and inhibition of E2F is not sufficient toResults
arrest the cells, suggesting that an additional factor(s)
in the Rb pathway is required for Rb to suppress growthAccumulation of Hypophosphorylated Rb Alone
and that this factor(s) is absent or inactive in the Rb-Is Insufficient for Growth Arrest
resistant cell lines.Even though Rb serves as an important cell cycle check-
point, the hypophosphorylated (active) protein cannot
arrest all cells. Examples of cell lines that are resistant Rb-HDAC Can Repress Transfected Promoters
but Alone It Is Not Sufficient for Growth Arrestto growth suppression by Rb are C33a (cervical carci-
noma), U2OS (osteosarcoma), and SW13 (adenocarci- HDACs can bind Rb and serve as corepressors (Brehm
et al., 1998; Luo et al., 1998; Magnaghi et al., 1998).noma) (Figures 1A±1D; Zhu et al., 1993). These cells
Rb and Chromatin Remodeling Complexes
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Figure 2. Coexpression of Rb and BRG1
Leads to Formation of Transcriptional Re-
pressor Complex
(A) Transient transfection assays showing
that Rb and BRG1 synergize to repress the
adenovirus major late promoter (MLP) in C33a
cells. The Gal4-MLP reporter (see diagram
above) (Zhang et al., 1999a) was cotrans-
fected into C33a with Gal4-Rb, Gal4-Mad,
BRG1, or BRG1-M as indicated.
(B) BRG1 is required for Rb repression of the
MLP stably integrated into chromatin. The
indicated expression vectors were cotrans-
fected into C33a cells, containing stably inte-
grated MLP, along with puro-BABE. Trans-
fected cells were selected with puromycin for
72 hr. Similar results were seen in three inde-
pendent cell lines where MLP was stably inte-
grated. ªRb-Mº indicates a cyc to phe muta-
tion at amino acid 706 that blocks Rb
function.
(C) Rb-HDAC is functional in SW13 cells
where it partially represses the MLP.
(D) Expression of Rb inhibits activity of the
cyclin E gene promoter in transfection assays
into U2OS or Saos-2 cells. ªRbDLXCXE siteº
indicates mutations in amino acids 713 and
757 in the LXCXE binding site of Rb, which
inhibits interaction with HDAC.
Thus, it was possible that Rb-resistant cell lines might to an LXCXE peptide (Lee et al., 1998), we mutated
amino acids in Rb pocket domain B that contact LXCXE.lack a functional Rb-HDAC complex. To assess HDAC
function, we turned to the adenovirus major late pro- These mutations inhibited binding to the LXCXE proteins
E1a and HDAC1, and accordingly they inhibited Rb-moter (MLP). This promoter has been shown to be sensi-
tive to repression via HDACs (Hassig et al., 1997; Laherty HDAC function (Figure 6 below; data not shown). In
contrast, the mutants had no effect on binding of Rb toet al., 1997; Luo et al., 1998). We and others have demon-
strated that Mad repression of the MLP is HDAC depen- E2F or inhibition of E2F activity (Figure 1A; data not
shown), suggesting that Rb inhibition of E2F does notdent, and we found that HDAC activity is also important
for efficient Rb repression of MLP (Luo et al., 1998). In require Rb-HDAC activity. The LXCXE binding site mu-
tants reversed most of the repression of the transfectedC33a cells, we found that neither Mad nor Rb signifi-
cantly repressed the MLP in transfection assays (Figure cyclin E gene promoter (Figure 2D), suggesting that
much of this repression is likely dependent upon HDAC2A), suggesting that formation of a functional Mad-
HDAC and Rb-HDAC complex is impaired or diminished binding to Rb. Nevertheless, repression of the cyclin E
promoter by Rb or RbDcdk was less efficient in U2OSin these cells. Thus, we reasoned that the inability of
Rb to form a functional HDAC complex may be the cells than in Saos-2 cells (Figure 2D). These findings,
together with the fact that Rb-HDAC activity is not suffi-reason that Rb cannot arrest C33a cells.
In contrast to C33a cells, the MLP was efficiently re- cient for growth arrest in SW13 or U2OS cells, suggested
that a cofactor in the Rb pathway (other than HDAC)pressed by Mad in SW13 cells (Figure 2C; data not
shown), indicating that these cells contain a functional may be missing or inactive in these cells.
Mad-HDAC complex. Overexpression of Rb was also
able to partially inhibit the MLP in these cells, and much BRG1 Is Required for Rb Growth Suppression
C33a and SW13 cells are deficient in BRG1/hBRM (Mu-of this repression was reversed by trichostatin A (data
not shown). These results suggest that the cells can chardt and Yaniv, 1993), and it has been demonstrated
previously that introduction of BRG1 into SW13 cellsalso form a functional Rb-HDAC complex. Nevertheless,
overexpression of Rb or RbDcdk did not lead to growth leads to flat cell morphology and growth arrestÐthis
growth suppression was dependent upon interaction ofarrest of these cells. Thus, the partial repression of the
transfected MLP in the SW13 and U2Os cells does not BRG1 with functional Rb (Dunaief et al., 1994). Therefore,
we wondered whether BRG1 expression might be im-reflect Rb activity sufficient for growth suppression. Ad-
ditionally, a reporter plasmid containing the cyclin E portant for Rb to suppress growth. Indeed, coexpres-
sion of Rb and BRG1 led to arrest of both C33a andgene promoter was also repressed when Rb or RbDcdk
was overexpressed in U2OS cells (Figure 2D). Interaction SW13 cells as analyzed by colony formation assays and
BrdU incorporation (Figures 1B and 1C; data not shown).of HDAC with Rb requires the LXCXE binding site in
domain B of the Rb pocket (Magnaghi et al., 1998), and And, even though U2OS cells express BRG1, we found
that expression of BRG1 along with Rb in these cellsbased on the crystal structure of the Rb pocket bound
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also led to growth arrest (Figure 1D). As a control, coex- E2F-1 (which also contain E2F sites) were not (Figure
4A). In contrast, expression of Rb in cells such as Saos-2pression of a BRG1 mutant that cannot bind Rb (this
(which express BRG1 [Muchardt and Yaniv, 1993] andmutant has a deletion in the region showing similarity
are able to form an active Rb-HDAC complex [data notto human papilloma virus E7, which contains the LXCXE
shown]), leads to a G1 arrest (data not shown; Qin etsite [Dunaief et al., 1994]) with Rb had no effect on cell
al., 1992). In Saos-2 cells, Rb repressed genes normallyproliferation (Figure 1B; data not shown). Our results
activated during G1 such as cyclin E, thymidine kinase,then suggested that BRG1 is required for Rb to suppress
and dihydrofolate reductase as well as the S phasegrowth, and that even though it is expressed in U2OS
genes cyclin A and cdc2 (Figure 4B). Based on the abovecells, it is apparently inactive in these cells.
results, we reasoned that Rb-HDAC activity may be re-
quired for Rb-hSWI/SNF to repress the cyclin E geneRb and hSWI/SNF Interact to Form a Transcriptional
and arrest cells in G1 but not for repression of the cyclinRepressor Complex
A and cdc2 genes. To test this possibility, we usedWe wondered whether BRG1, and thus hSWI/SNF, could
the HDAC inhibitor trichostatin A to determine whichcooperate with Rb to form a transcriptional repressor.
endogenous genes are dependent upon HDAC activityTherefore, we tested the effect of coexpression of BRG1
for their repression by Rb. For these studies, we usedand Rb on repressor activity in transfection assays. This
Saos-2 cells with a tetracycline-repressible Rb expres-coexpression of Rb and BRG1 led to repression of the
sion vector stably integrated (Luo et al., 1998). We foundMLP in C33a cells, and coexpression of BRG1 with Rb
that HDAC activity was required for Rb repression ofsignificantly enhanced repression by Rb in SW13 cells
genes normally activated during G1 (dihydrofolate re-(Figures 2A and 2C). A previous study with the glucocor-
ductase, thymidine kinase, and cyclin E) but not the Sticoid receptor had shown that integration of the reporter
phase genes (cyclin A or cdc2) (Figure 4B).into chromatin facilitates BRG1-dependent activation of
Additionally, expression of RbDcdk alone had no ef-transcription by the receptor (Fryer and Archer, 1998).
fect on the level of cyclin E or A in BRG1-deficient SW13Therefore, we tested C33a cell lines where the MLP was
cells; however, addition of BRG1 led to downregulationstably integrated into chromatin. Repression of the MLP
of the proteins (Figure 5A), suggesting that BRG1 isby Rb was totally dependent upon BRG1 (Figure 2B).
required for Rb repression of both genes. Taken to-As with growth suppression, transcriptional repression
gether, our results suggest that while BRG1 is requiredwas eliminated with deletion of the E7-like region in
for repression of both cyclin E and A genes, HDAC mayBRG1. Since C33a cells appear to be deficient in Rb-
only be required for Rb repression of the cyclin E gene.HDAC activity, our results suggest that Rb-hSWI/SNF
can form a repressor complex that does not require
HDAC and BRG1 Interact with Separate Sites on Rb,HDAC activity.
and Phosphorylation of Rb by Cyclin D/cdk4
Selectively Blocks Interaction with HDACRb-hSWI/SNF Appears to Regulate Progression
Previously, we have found that phosphorylation of Rbthrough S Phase
by cyclin D/cdk4 leads to an intramolecular interactionSurprisingly, when we examined the cell cycle profile of
that displaces HDAC from the LXCXE binding site in theC33a cells coexpressing Rb or RbDcdk and BRG1 by
Rb pocket (Harbour et al., 1999). Based on our resultsflow cytometry 36 hr after transfection, we found that
here, this would appear to be sufficient to relieve repres-the cell had not arrested in G1, but instead there was
sion of the cyclin E gene (which requires HDAC activity)
an increase in the percentage of cells with a DNA content
during G1. For Rb-hSWI/SNF to continue to repress the
between 2N and 4N (Figure 3A). Likewise, expression
cyclin A and cdc2 genes into S phase, this phosphoryla-
of BRG1 and RbDcdk in SW13 cells led to an increase tion by cyclin D/cdk4 apparently must not disrupt the
in the percentage of cells with a DNA content between Rb-BRG1 complex. However, BRG1 also contains an
2N and 4N (Figure 3B). Expression of RbDcdk alone in LXCXE sequence, and deletions of the E7-like region
the SW13 cells did not affect either BrdU incorporation containing the LXCXE disrupts binding to Rb (Figure 5A;
(Figure 1C) or DNA content by flow cytometry (Figure Dunaief et al., 1994). Thus, it appeared that HDAC and
3B). Taken together, these results suggest that cells BRG1 might both interact with the LXCXE binding site
expressing Rb (or RbDcdk) and BRG1 are inhibited in in Rb. And if this were the case, interaction of BRG1
their ability to move into M phase. When cells were with Rb may also be disrupted during G1 by cyclin
examined later following transfection in BrdU labeling D/cdk4 phosphorylation of Rb.
experiments (6 days) or in colony formation assays (3 Therefore, we asked whether phosphorylation of Rb
weeks), we found that the cells coexpressing BRG1 and by cyclin D/cdk4 would lead to disruption of BRG1 bind-
Rb had now growth arrested (Figures 1B±1D; data not ing (as occurs with HDAC). We expressed cyclin D to
shown). Therefore, we conclude that the cells that accu- activate endogenous cdk4, and we found that in con-
mulated in S phase at 36 hr following transfection even- trast to HDAC, cyclin D/cdk4 did not disrupt binding
tually growth arrest by 6 day. of BRG1 to Rb (Figures 5B and 5C). However, BRG1 did
not bind to the more slowly migrating hyperphosphory-
HDAC Activity Is Required for Rb-hSWI/SNF lated form of Rb. This hyperphosphorylated form of Rb
to Repress Cyclin E but Not Cyclin A requires phosphorylation by cyclin E/cdk2 (Lundberg
When Rb and BRG1 were coexpressed in C33a cells and Weinberg, 1998), suggesting that the Rb-BRG1
(which appear deficient in Rb-HDAC activity), we found complex is likely disrupted by cyclin E/cdk2 phosphory-
that expression of S phase genes such as cyclin A and lation. Our results suggest that, while cyclin D/cdk4
cdc2, which contain E2F sites in their promoters, were phosphorylation disrupts Rb-HDAC association, the Rb-
BRG1 interaction is unaffected. This would allow therepressed, but G1 genes such as cyclin E, myb, and
Rb and Chromatin Remodeling Complexes
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Figure 3. Coexpression of Rb and BRG1 Results in Accumulation of Cells in S Phase, Whereas Coexpression of p16ink4a and BRG1 Leads to
G1 Arrest
(A) Flow cytometry cell cycle profile of C33a cells transfected with the indicated expression vectors. An expression vector for GFP was
cotransfected to identify transfected cells (Zhang et al., 1999a).
(B±D) Flow cytometry cell cycle profile of SW13 cells transfected with the indicated expression vectors. In (D), nocodazole was added to the
cells for the final 24 hr prior to harvesting. Cells were harvested at 40 hr following transfection.
Rb-hSWI/SNF complex to persist after cyclin D/cdk4 HDAC and BRG1. Indeed, we found that expression
of Rb facilitated coimmunoprecipitation of HDAC andphosphorylation of Rb disrupts binding to HDAC.
Surprisingly, we found that (in contrast to their inhibi- BRG1, indicating the presence of an HDAC-Rb-hSWI/
SNF complex in cells (Figure 6).tion of HDAC binding) mutations in the LXCXE binding
site of Rb had no affect on binding of Rb to BRG1, and
indeed a region outside of the LXCXE sequence in BRG1
is required for binding to Rb (Figure 6; data not shown). How Is Repression by Rb-hSWI/SNF Eventually
Relieved to Allow Expression of Cyclin AThese results suggested that HDAC and BRG1 likely
bind separate sites on Rb and that Rb might be able and cdc2 and Movement into M Phase?
Phosphorylation of Rb by cyclin D/cdk4 can facilitateto recruit HDAC and SWI/SNF together into a single
complex. To test this possibility, we asked whether ex- subsequent phosphorylation of the protein by cyclin
E/cdk2 (Lundberg and Weinberg, 1998; Harbour et al.,pression of Rb would lead to coimmunoprecipitation of
Cell
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Figure 4. HDAC Activity Is Required for Rb to Repress G1 Genes,
Whereas Rb 1 BRG1 Seems to Target S Phase Genes
Figure 5. BRG1 Is Required for Rb Inhibition of Cyclin E and A(A) C33a cells were cotransfected with the indicated expression
Expression, and Cyclin D/cdk4 Phosphorylation of Rb Disrupts Inter-vectors along with puro-BABE, and transfected cells were selected
action with HDAC but Not BRG1with puromycin for 72 hr. A Western blot for the indicated proteins
is shown (Zhang et al., 1999a). (A) Expression of BRG1 is required for Rb to inhibit cyclin E and A
(B) Saos-2 cells stably expressing a tetracycline (tet) repressible Rb expression in SW13 cells. The indicated expression vectors were
cDNA were treated with tet and TSA as indicated (Luo et al., 1998). cotransfected into SW13 cells along with puro-BABE, and cells were
RT-PCR analysis was used to analyze expression of the indicated selected with puromycin for 72 hr. A Western blot is shown. Blots
mRNAs. PCR analysis was done using a common cDNA reaction were stripped and reprobed for tubulin as a control.
generated by reverse transcription with random primers as de- (B) BRG1 was coexpressed along with Rb in C33a cells, and cell
scribed (Luo et al., 1998). Similar results were seen at 22 and 29 extracts were immunoprecipitated for BRG1 and then Western blot-
cycles (Luo et al., 1998). ªTKº indicates thymidine kinase, and ted for associated Rb. The direct Western blot for Rb contains 25%
ªDHFRº indicates dihydrofolate reductase. of the cell extract; the other 75% was used for immunoprecipitation.
ªppRbº and ªpRbº indicate hyperphosphorylated and hypophos-
phorylated Rb, respectively. ªcyc Dº indicates the cyclin D1 expres-
sion vector.1999). This phosphorylation by cyclin E/cdk2 then dis-
(C) This panel also shows the effect of cyclin D/cdk4 on interactionrupts pocket structure (Chow et al., 1996; Harbour et
of Rb and BRG1. However, in this case Rb was immunoprecipitated
al., 1999). Thus, Rb-hSWI/SNF may remain active until and associated BRG1 was detected by Western blot. As a control,
cyclin E accumulates to a level where cyclin E/cdk2 can inhibition of the Rb-HDAC1 interaction by cyclin D expression is
shown. Increasing amounts of cyclin D expression vector (1, 2, andphosphorylate Rb and disrupt the repressor complex.
4 mg) were used.This would ensure that cyclin A is not expressed until
after cyclin E.
To test this concept, we expressed cyclin E to activate
endogenous cdk2 and found that this was sufficient to whether cyclin E/cdk2 was disrupting Rb-hSWI/SNF
function by phosphorylation of Rb or BRG1.overcome both the transcriptional repression and the
growth suppression resulting from coexpression of Rb To address this, we replaced wild-type Rb in the ex-
periments with RbDcdk, which cannot be inactivated byand BRG1 (Figure 1B; data not shown). However, it has
been demonstrated that cyclin E/cdk2 can also phos- cdk phosphorylation. Expression of cyclin E still blocked
growth suppression when RbDcdk and BRG1 werephorylate BRG1 (Shanahan et al., 1999) and that phos-
phorylation of BRG1 occurs in a cell cycle±dependent coexpressed (Figure 1B; data not shown). Such results
are consistent with previous findings demonstrating thatfashion, and it inhibits hSWI/SNF activity (Muchardt et
al., 1996; Sif et al., 1998). Therefore, it was unclear cyclin E/cdk2 can overcome growth suppression by
Rb and Chromatin Remodeling Complexes
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Figure 6. Rb Recruits HDAC and BRG1 into
a Single Complex; the LXCXE Binding Site in
Rb Is Required for HDCA1 Binding but Not
BRG1 Binding
Flag-tagged HDAC1, BRG1, and where indi-
cated Rb were coexpressed in Rb(-), BRG1-
deficient C33A cells. Protein±protein interac-
tions were detected by coimmunprecipitation
assays as indicated at the top. Rb-M contains
mutations in Asn-757 and Tyr-709 (both to
Ala) of the LXCXE binding site (Lee et al.,
1998). ªDirect westernsº indicates that 25%
of the cell extract was used for a Western
blot; the remaining 75% was used for immu-
noprecipitation.
RbDcdk in Saos-2 cells (Leng et al., 1997). Taken to- the point where it phsophorylates BRG1, blocking hSWI/
SNF activity in cells such as U2OS. Indeed, when BRG1gether, the studies provide evidence that cyclin E/cdk2
can disrupt Rb function by targeting an essential compo- was expressed in U2OS cells, Rb or RbDcdk was now
able to arrest the cells (Figure 1D). However, the cells didnent in the Rb pathwayÐthis component is not Rb itself,
since RbDcdk was used in the assays. Our results here not arrest in G1, presumably because they are p16ink4a(-),
and p21waf1/cip1/p27kip1 redistribution to cyclin E/cdk2 (insuggest that this target might be BRG1. This, however,
does not rule out the idea that cyclin E/cdk2 also inhibits response to p16ink4a) is required for a complete block of
cyclin E/cdk2 activity and G1 arrest (see above). Wethe Rb-hSWI/SNF complex by phosphorylation of Rb.
suggest that this same mechanism can explain the S
phase arrest observed in the p16ink4a(-) SW13 cells whenBRG1 Is Required for p16ink4a to Arrest Cells in G1
RbDcdk and BRG1 are coexpressed.The question remains as to why coexpression of RbDcdk
and BRG1 does not result in G1 arrest (Figures 3A and
Rb-hSWI/SNF and Cell Cycle Control3B). In C33a cells, there appears to be a deficiency
When cells were examined by flow cytometry 36 hr afterin formation of an active Rb-HDAC complex, which is
transfection of expression vectors for Rb and BRG1, werequired for repression of the cyclin E gene and for arrest
found an increase in cells with a DNA content betweenin G1. However, U2OS and SW13 cells appear to have
2N and 4N (Figures 3A and 3B), suggesting that theyRb-HDAC activity, yet they also accumulate in S phase
were accumulating in S phase. Examination of cells 4in response to RbDcdk and BRG1 (Figure 3B; data not
days following transfection revealed cells with a DNAshown). This is despite the fact that U2OS cells arrest
content greater than 4N (data not shown), suggestingin G1 in response to expression of p16ink4a. Like U2OS
that the cells had persisted in S phase, undergoing en-cells, SW13 cells do not express detectable p16ink4a (data
doreduplication. One reason for persistence of the cellsnot shown). While expression of p16ink4a in SW13 cells
in S phase may be that they are delayed from enteringhad no effect on cell proliferation or expression of cyclin
M phase because Rb-hSWI/SNF inhibits cyclin A andE or A, coexpression of BRG1 with p16ink4a led to arrest
cdc2 expression (which is required for entry into Min G1 and inhibition of cyclin E and A expression (Figures
phase). When we examined cells microscopically 6 days3C, 3D, and 5A). We reason that p16ink4a alone is unable
following transfection, we found that they had a flattenedto arrest the SW13 cells because they lack functional
morphology typical of cells arrested by Rb (Figure 7).Rb due to their deficiency in BRG1.
However, most of these flat cells contained multipleSeveral recent studies have suggested that in addition
nuclei, which suggests that the cells eventually exit Sto blocking cyclin D/cdk4 activity and promoting accu-
phase and undergo mitosis. It is unclear whether themulation of hypophosphorylated Rb, p16ink4a also plays
multiple nuclei are simply the result of moving througha role in redistribution of the cdk inhibitors p21waf1/cip1
mitosis with excess DNA (acquired during the extendedand p27kip1 (Jiang et al., 1998; Cheng et al., 1999b; Mitra
period in S phase), or whether there is a second role foret al., 1999; Sherr and Roberts, 1999). p21waf1/cip1 and
Rb-hSWI/SNF in regulating cytokinesis.p27kip1 can interact with cyclin D/cdk4 to facilitate as-
Coexpression of p16ink4a and BRG1 also led to accu-sembly of an active kinase complex. However, when
mulation of flat, growth-arrested cells; however, few ofp16ink4a is expressed in p16ink4a (-) cells such as U2OS
the flat cells had multiple nuclei (Figures 7A and 7F).and SW13, it displaces p21waf1/cip1 and p27kip1 from cyclin
This appears to be due to the fact that coexpression ofD/cdk4, which in turn frees them to inhibit cyclin E/cdk2.
BRG1 and p16ink4a leads to G1 arrest.Because the ability of p16ink4a to arrest cells in G1 is
dependent upon Rb, these results suggest that the com-
bination of both Rb-mediated repression of the cyclin Discussion
E gene and this redistribution of p21waf1/cip1 and p27kip1 to
cyclin E/cdk2 are required for complete inactivation of We present results here that Rb forms two distinct re-
pressor complexes that act at different points during thecyclin E/cdk2 and arrest of cells in G1.
Therefore, we hypothesized that in the absence of cell cycle. There appears to be an intricate arrangement
between these repressor complexes and the cyclins andp16ink4a (where p21waf1/cip1 and p27kip1 are sequestered by
cyclin D/cdk4) cyclin E/cdk2 activity may increase to cdks that regulate cell cycle progression. We present
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Figure 8. HDAC-Rb-hSWI/SNF and Rb-hSWI/SNF Appear to Act as
Rb Cell Cycle Checkpoints in G1 and S Phase Where They Seem
to Function in Maintaining the Order of cyclin and cdk Expression
See text for discussion of the model.
(Holstege et al., 1998). This finding was surprising be-
cause SWI/SNF activity had previously been associated
predominantly with transcriptional activation (reviewed
in Kingston and Narlikar, 1999; Kornberg and Lorch,
1999; Wade and Wolffe, 1999). Recent findings indicate
that the corepressor HDAC can be found in the hSWI/
SNF-like Mi2b nucleosome remodeling complex (Wade
et al., 1998; Kim et al., 1999; Zhang et al., 1999b). These
studies, together with our studies here, provide evi-
dence that SWI/SNF-like complexes can also participate
in transcriptional repression. A recent study has also
shown that the c-fos promoter can be repressed by Rb
and that BRG1 is required for this repression (Murphy
Figure 7. The Rb-hSWI/SNF Leads to Endoreduplication followed et al., 1999). However, the lack of E2F sites in the c-fos
by Arrest of Cells with Multiple Nuclei promoter raises the possibility that this effect of Rb and
(A±F) Representative photomicrographs of SW13 cells cotrans- BRG1 on the c-fos promoter may be indirect. Indeed,
fected with puro-BABE and various expression vectors. Cells were the c-fos promoter is sensitive to growth suppression,
transfected and then 24 hr after transfection they were selected for
and the studies were done in C33a cells, which we showan additional 72 hr with puromycin. When BRG1 was present,
here are growth arrested by the combination of Rb andgrowth-arrested flat cells were evident (B±E).
BRG1. Thus, inhibition of c-fos expression by Rb and(A) shows a proliferating colony.
(B) shows a typical flat cell with one nucleus when SW13 cells were BRG1 in these studies may simply reflect the growth
transfected with BRG1 1 p16ink4a. arrest that is imposed by the combination of Rb and
(C±E) show examples of cells with variable numbers of nuclei, when BRG1. Our results, however, demonstrate that Rb and
transfected with either BRG1 alone or BRG1 1 RbDcdk.
BRG1 cooperate to inhibit genes such as cyclin E, cyclin(F) Quantification of the percentage of cells with multiple nuclei.
A, and cdc2, which are known targets of Rb-E2F andApproximately 150 flat cells were scored. Cells transfected with an
participate in cell cycle progression.empty expression vector, RbDcdk, BRG1-M, or p16Ink4a did not give
rise to the flat, growth-arrested cells. Recent results suggest that SWI/SNF-like nucleo-
some remodeling complexes and related remodeling
complexes can regulate both the formation and posi-
evidence that formation of these repressor complexes, tioning of nucleosomes along a promoter (Hamiche et
HDAC-Rb-hSWI/SNF and Rb-hSWI/SNF, is regulated by al., 1999; Kingston and Narlikar, 1999; Langst et al.,
cdk phosphorylation and that the repressor complexes 1999; Lorch et al., 1999; Whitehouse et al., 1999). In
in turn regulate expression of the cyclins and cdks. The genes such as HO in yeast, where SWI/SNF is important
end result appears to be that the Rb repressor com- for transcriptional activation, it is associated with tran-
plexes serve to maintain the order of cyclin and cdk scriptional activators and HAT activity (Cosma et al.,
expression during the cell cycle, which in turn regulates 1999). In contrast, when recruited by Rb into a complex
exit from G1 and from S phase (Figure 8). Interestingly, with HDAC, hSWI/SNF appears to be important for re-
like the Rb gene itself, components of the hSWI/SNF pression. Thus, it is possible that SWI/SNF facilitates
complex are also targets of mutations in pediatric tu- the action of both HAT or HDACs on nucleosomes in
mors (Versteege et al., 1998). vivo. Alternatively, SWI/SNF may be important for both
assembling or disassembling chromatin after histones
in nucleosomes are modified by HAT or HDACs. It isThe Role of SWI/SNF in Transcriptional Activation
versus Repression interesting to note that in some situations Rb is associ-
ated with transcriptional activation. For example, Rb canMutation of the yeast SWI/SNF ATPases, SWI2/SNF2,
led to deregulation of a subset of genes, with more enhance BRG1-dependent transcriptional activation by
the glucocorticoid receptor (Fryer and Archer, 1998). Ingenes being activated by the mutations than repressed
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this situation, SWI/SNF and Rb are recruited to a pro- to accumulation of cyclin B1/cdc2, which is required for
moter via a transcriptional activator associated with HAT entry into mitosis. Forcibly maintaining Rb-hSWI/SNF
activity (the glucocorticoid receptor). would then be expected to inhibit or delay movement
of cells from S phase to M phase by inhibiting formation
HDAC-Rb-hSWI/SNF and Rb-hSWI/SNF as Distinct of cyclin B1/cdc2.
Cell Cycle Checkpoints
We present evidence that HDAC and BRG1 interact with Experimental Procedures
different sites on Rb, allowing formation of an HDAC-
Cell Culture, Transfection Assays, Plasmid Construction,Rb-hSWI/SNF complex. It appears that phosphorylation
and Western Blot Analysisof Rb by cyclin D/cdk4 during G1 disrupts interaction
C33a and Saos-2 cells were cultured as described previously (Wein-
of HDAC with Rb-hSWI/SNF, allowing expression of traub et al., 1995). Cells were transfected by the calcium phosphate
cyclin E and progression into S phase (Figure 8). These method, and CAT activity was determined as described (Luo et al.,
results imply that cyclin E expression is a downstream 1998). To obtain clones where the MLP-CAT reporter was stably
integrated into genomic DNA, MLP-CAT was transfected along withtarget of cyclin D/cdk4. And indeed, recent studies using
pCMV-neo at a ratio of 15:1 into C33a cells, and cells were selecteda ªknockinº of the cyclin E gene into the cyclin D1 gene
with 750 mg/ml of G418. For assays with stably integrated MLP-locus in mice have provided evidence that cyclin E is
CAT, cells were cotransfected with puro-BABE and selected withgenetically downstream of cyclin D1 (Geng et al., 1999).
2.5 mg/ml of puromycin for 72 hr following transfection. Where indi-
In contrast to Rb-HDAC, the Rb-hSWI/SNF complex cated, trichostatin A (TSA) was added at 500 nM for the final 24 hr.
is not disrupted by cyclin D/cdk4 phosphorylation of Antibodies to E2F-1, B-myb, cdc2, cyclin A, and cyclin E were from
Rb, allowing it to persist into S phase where it continues Santa Cruz Biotech. Anti-tubulin antibody was from Sigma. Western
blots were performed as described (Zhang et al., 1999a). Mutagene-to repress the cyclin A and cdc2 genes, thereby inhib-
sis of Rb was performed using the QuickChange Mutagenesis sys-iting (or delaying) movement into M phase (Figure 8).
tem (Stratagene).After cyclin E accumulates and cyclin E/cdk2 becomes
active, it appears to block Rb-hSWI/SNF activity at least
Coimmunoprecipitation Assays
in part by phosphorylation of BRG1 (Muchardt et al., Coimmunoprecipitation assays were done essentially as described
1996; Sif et al., 1998; Shanahan et al., 1999). This allows (Chow et al., 1996; Luo et al., 1998). C33a cells were transfected
cyclin A and cdc2 expression and progression of cells with 12 mg of Rb (amino acids 370±928) or Rb mutant expression
vectors where Rb was tagged with Gal4 and 5 mg of flag-taggedinto M phase. In the absence of p16ink4a, HDAC-Rb-hSWI/
HDAC1 or BRG1 expression vector. Cells were harvested 36 hr laterSNF repression of cyclin E expression is not sufficient
in lysis buffer containing 250 mM NaCl (Chow et al., 1996). Lysatesto completely block cyclin E/cdk2 activity (because
were precleared by 30 min incubation with sepharose beads (Sigma).
p21waf1/cip1 and p27kip1 are sequestered away from cyclin Cleared lysates were immunoprecipitated with monoclonal anti-
E/cdk2 by cyclin D/cdk4). Since cyclin E/cdk2 activity Gal4 antibody conjugated to agarose beads (Santa Cruz). Precipi-
is not completely blocked in the p16ink4a(-) cells, they tates were washed three times with lysis buffer and then subjected
to SDS electrophoresis. Proteins were then immmunoblotted withmove into S phase. However, they have difficulty exiting
an anti-flag polyclonal antibody (Santa Cruz) to detect flag-taggedS phase because Rb-hSWI/SNF inhibits expression of
HDAC1 and BRG1. Blots were then reprobed with an anti-Rb poly-cyclin A and cdc2. This leads to additional DNA synthe-
clonal antibody (Santa Cruz) to determine the amount of precipitatedsis (endoreduplication). The cells eventually manage to
Rb. For the detection of HDAC-Rb-BRG1 complex, an anti-BRG1
exit S phase and undergo mitosis, but there is no cytoki- antibody (Shanahan et al., 1999) was used for immunoprecipitation,
nesis and they arrest with multiple nuclei. It is unclear and an anti-flag antibody was used to detect the presence of
whether Rb-hSWI/SNF also has a function in regulating flagged-tagged HDAC1 in the complex.
a step late in mitosis that leads to formation of multiple
BrdU Incorporation and Flow Cytometrynuclei or whether the multiple nuclei are simply the result
BrdU incorporation was done essentially as described previouslyof the additional DNA synthesis that occurs before the
(Zhang et al., 1999b). Cells were cotransfected with 2 mg of puro-cells precede into mitosis.
BABE and 10 mg of the indicated expression vectors, and after 24A recent study has provided evidence of a role for Rb
hr cells were then selected in puromycin for 72 hr (the last 6 hr in
and E2F in regulation of the level of cyclin B1 and thus the presence of BrdU). Where indicated, nocodazole was added at
entry into mitosis (Lukas et al., 1999). Evidence was 75 ng/ml for 24 hr. For flow cytometry, cells were transfected with
presented in this study that cyclin A/cdk2 phosphory- 2 mg of the CD20 or GFP expression vector and 10 mg of the other
indicated expression vectors. Either 40 or 96 hr after transfection,lates the Cdh1 subunit of anaphase promoting complex
at least 6,000 CD20- or GFP-positive cells were collected, and the(APC), blocking activity of this ubiquitin ligase, which
cell cycle profile was determined as described (Zhu et al., 1993;normally degrades cyclin B1. Rb/E2F-mediated inhibition
Zhang et al., 1999a).of cyclin A expression in these studies led to activation
of APC and destruction of cyclin B1. Thus, expression Colony Formation Assays and RT-PCR Analysis
of cyclin A in S phase (following cyclin E/cdk2-mediated Colony formation assays were done in C33a cells as we have de-
inactivation of Rb-hSWI/SNF) in this model would lead scribed (Zhang et al., 1999a). Primers and RT-PCR conditions for
to cyclin A/cdk2-dependent inhibition of APC, thereby amplification of the mRNAs were described previously (Luo et al.,
1998). SW13 flat cell assays were done as described by Dunaief ettriggering accumulation of cyclin B1. In support of this
al. (1994). Cells were scored 96 hr after selection with puromycin.model, it has been demonstrated that APC remains ac-
tive following mitosis, and this activity persists through
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